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Abstract
Many studies on probiotics are aimed at restoring immune homeostasis in patients to prevent disease recurrence or reduce immune-mediated pathology. Of equal 
interest is the use of probiotics in sub-clinical situations, which are characterized by reduced immune function or low-grade inflammation, with an increased risk of 
infection or disease as a consequence. Most mechanistic studies focus on the use of probiotics in experimental disease models, which may not be informative for these 
sub-clinical conditions. To gain better understanding of the effects in the healthy situation, we investigated the immunomodulatory effects of two Lactobacillus probiotic 
strains, i.e. L. plantarum WCFS1 and L. salivarius UCC118, and a non-probiotic lactococcus strain, i.e. L. lactis MG1363, in healthy mice. We studied the effect of these
bacteria on the systemic adaptive immune system after 5 days of administration. Only L. plantarum induced an increase in regulatory CD103+ DC and regulatory T cell 
frequencies in the spleen. However, all three bacterial strains, including L. lactis, reduced specific splenic T helper cell cytokine responses after ex vivo restimulation. 
The effect on IFN-γ, IL5, IL10, and IL17 production by CD4+ and CD8+ T cells was dependent on the strain administered. A shared observation was that all three 
bacterial strains reduced T helper 2 cell frequencies. We demonstrate that systemic immunomodulation is not only observed after treatment with probiotic organisms, 
but also after treatment with non-probiotic bacteria. Our data demonstrate that in healthy mice, lactobacilli can balance T cell immunity in favor of a more regulatory 
status, via both regulatory T cell dependent and independent mechanisms in a strain dependent manner.
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Introduction
The intestinal microbiota is largely mutualistic in nature and important for human health. Apart from its well-established role in nutrition, it is important in the 
development of the immune system and the maintenance of homeostasis of tolerance and immunity [1]. For instance, aberrant microbial colonization results in 
abnormal development of secondary lymphoid organs, reduced peripheral CD4+ T cell frequencies, skewing towards a T helper-2 immune phenotype, absence of T and
B cells in the gut-associated lymphoid tissue, and reduced immunoglobulin levels [2]–[4]. Further, an aberrant intestinal microbiota is not only associated with the risk of 
infection and the development of intestinal immune disorders, but also with immune disorders beyond the intestine, such as allergic skin- and respiratory disease [5]–
[7], and autoimmune diseases such as rheumatoid arthritis [8], [9] and diabetes type I [10].
Administration of indigenous, non-pathogenic probiotic bacteria is a promising strategy to improve immune homeostasis and to maintain host health. Probiotics may 
improve host health by normalizing existing undesired immune responses, as is the case in allergy or autoimmune disease [11], [12]. These beneficial effects have 
been described in both diseased humans [13]–[15], as well as in experimental disease models [16]–[19]. Besides the beneficial effects in disease, probiotics may 
benefit persons who are not receiving medical treatment, but have an increased risk of infection or disease due to the deterioration or inflammatory status of their 
immune system. This applies not only for age-related changes in immune function [20], but also for individuals with a genetic predisposition [21], obesity [22], or
malnutrition- [23], stress- or lifestyle-induced declining immune function [24]. Although the beneficial effects of probiotics in non-diseased subjects have been described 
in experimental vaccination trails [25]–[27] and infection studies [25], [28]–[35], the immunomodulatory mechanisms behind these effects remain poorly understood.
Knowledge of how different probiotic strains can affect the immune system in the absence of disease, will gain mechanistic insights and help clarify the magnitude of 
their effects on the immune system, the strain dependency of these effects, their safety, and potential applications in maintaining or improving immune homeostasis. 
Surprisingly, the number of studies investigating the immunomodulatory effects of probiotics in non-diseased subjects is limited [36]–[38]. Most studies have focused on 
disease models [39], with a strong perturbation of immune homeostasis and often skewing to a specific T helper cell response [39], [40]. Moreover, some disease 
models have a severely compromised intestinal barrier, which could alter the accessibility of the probiotics to the immune cells and the lymphoid tissues [41]. Therefore, 
studies in the disease state may not reflect and predict the immunomodulatory effects of probiotics in healthy individuals or persons with sub-optimal immune health. To 
address this gap in our understanding, we have investigated the immunomodulatory effects of probiotic bacteria in healthy, non-diseased mice.
The effects of orally administered L. plantarum WCFS1, L. salivarius UCC118, and L. lactis MG1363 on systemic T and dendritic cell populations and responses were 
investigated. Both L. plantarum WCFS1 and L. salivarius UCC118 are probiotic strains [42], [43], whereas L. lactis MG1363 is not associated with probiotic effects [44], 
[45]. The bacteria were administered over 5 days, which is the period required for mice to develop an adaptive immune response [44], [45]. In this study, we 
demonstrated strain dependent effects of the bacteria on dendritic cells in vitro and in vivo and specific T cell responses in vivo and ex vivo.
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Materials and Methods
Bacterial Strains and Growth Conditions
L. plantarum WCFS1 [46] and L. salivarius UCC118 [47] were cultured at 37°C in Man Rogosa and Sharpe (MRS) broth. L. lactis MG1363 [48] was cultured at 30°C in 
M17 broth containing 0.5% glucose. All bacterial cultures were grown overnight until the stationary phase of growth. Subsequently, the cultures were diluted 1:1000 in
fresh medium and cultured for a second night to allow optimal growth. The optical density at 600 nm was measured and the number of colony forming units (CFU) was 
calculated based on standard growth curves. For all cultured bacterial strains, an OD600-value of 1 corresponds to 1–2×109 CFU/mL, which was confirmed by plating 
serial dilutions on MRS or M17 agar plates (data not shown). To avoid bacterial manipulation and cell death, extensive washing and centrifuging was avoided. After 
overnight culture, a small portion of bacteria was diluted in fresh, sterile MRS broth and immediately administered to the animals. The mice received either sterile MRS 
broth or 1–2×108 CFU bacteria in 200 µL MRS via intragastric gavage, daily.
In vitro Culture and Stimulation of Murine Dendritic Cells
Bone marrow cells were isolated and cultured as described by Lutz et al [49], with minor modifications. Briefly, femora and tibiae from female 6 weeks old Balb/c mice 
(Charles River Breeding Laboratories, Protagem MI), were removed and stripped of muscles and tendons. After soaking the bones in 70% ethanol and rinsing in PBS, 
bones were carefully crushed with a mortar to release the bone marrow cells. Cells were filtered using Steriflip filtration and washed with RPMI medium. Bone marrow 
cells (2–4×107) were seeded into Petri dishes in 10 ml RPMI 1640 Glutamax (Sigma–Aldrich, St. Louis, MO, USA) containing 10% (v/v) heat-inactivated fetal calf serum
supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), 50 µm β-mercaptoethanol, and 20 ng/ml murine GM-CSF (R&D systems). The cells were incubated 
for 8 days at 37°C in 5% CO2 humidified atmosphere. On day 3, 10 ml was removed and replaced with complete medium. On day 5, 5 ml fresh medium was added. On 
day 7, immature dendritic cells were collected and seeded in a 24 wells plate at 5×105 cells/well. On day 8, the cells were either left unstimulated or stimulated with L. 
plantarum WCFS1, L. salivarius UCC118, L. lactis MG1363 (1:10 cell to bacteria ratio), or LPS (1 µg/mL). After 24 hours the concentration of IL10 and TNFα was
determined in the culture supernatants using cytometric bead array (BD Biosciences). The cells were stained for the dendritic cell marker CD11c and the activation 
markers CD40 and CD86, or appropriate isotype controls (BD Biosciences).
Animals
Wild-type male Balb/c mice were purchased from Harlan (Harlan, Horst, The Netherlands). The animals were fed standard chow and water ad libitum. All animal 
experiments were performed after receiving approval of the institutional Animal Care Committee of the Groningen University. All animals received animal care in 
compliance with the Dutch law on Experimental Animal Care. The n-values were based on a mandatory power analysis. The values were 6 mice per experimental 
group, based on a type I error of 5% and a type II error of 10%.
To study the effect of lactobacilli on the systemic immune system, three bacterial strains (L. lactis MG1363, L. salivarius UCC118, and L. plantarum WCFS1), or MRS 
broth (carrier) only, were administered by intragastric gavage of a 200 µL volume once daily. The carrier and the bacterial strains were administered for five consecutive
days. At day six, the mice were sacrificed, after which the spleen and mesenteric lymph nodes were removed for further analysis.
Cell Isolation and Restimulation
After sacrificing the mice, spleens and mesenteric lymph nodes (MLN) were removed for further analysis. Single cell suspensions were made by mechanical disruption 
of the tissue between two glass slides in 1 mL of ice-cold RPMI containing 10% (v/v) heat inactivated fetal calf serum (FCS). Subsequently, a cell strainer was used to 
remove remaining clumps. The cells were washed, counted, and used for staining.
Part of the cells of the spleen and MLN were stimulated, the rest was left unstimulated. 7×106 cells from the spleen and MLN were restimulated in RPMI 10% FCS 
containing 40 nM Phorbol 12-myristate 13-acetate (PMA) (Sigma Aldrich) and 2 nM calcium ionophore (Ca2+) (Sigma Aldrich). Monensin (3 µM) (Sigma Aldrich) was 
added to allow cytokine accumulation in the cellular cytoplasm. Cells were stimulated for four hours at 37°C, after which they washed twice in ice-cold PBS containing 
2% heat inactivated FCS (FACS buffer), and used for staining.
DCs were enriched and dead cells were removed from the splenic and MLN cell suspensions. For this, 1 mL of cell suspension was loaded on 1 mL of 1-step Monocyte 
(Accurate Chemical and Scientific Corporation, Westbury, NY) with a density of 1.068±0.001 g/ml, and centrifuged for 30 minutes at 300×g at 4°C. The interface was 
washed twice in ice-cold FACS buffer and used for staining. After density gradient centrifugation, more than 90% of the cells were vital, which was confirmed by
propidium iodide staining.
Cell Staining
T cell stainings were performed on non-stimulated, non-enriched splenic and MLN cell suspensions. DC stainings were performed on non-stimulated, DC-enriched 
splenic and MLN cell suspensions. Stainings for intracellular cytokines were performed on PMA/Ca2+ stimulated splenic and MLN cell suspensions. The T cell cocktail 
contained monoclonal antibodies directed against CD3, CD4, CD8, CD25, CD69, FoxP3, or appropriate isotype controls (Table I). The DC cocktail contained 
monoclonal antibodies directed against CD11c, MHC II, CD19, CD80, CD86, CD103, or appropriate isotype controls (Table I). The effector T cell cocktail contained 
monoclonal antibodies directed against CD3, CD4, CD8, IFNγ, IL5, IL10, IL17, or appropriate isotype controls (Table 1).
Table 1. Antibodies.
doi:10.1371/journal.pone.0047244.t001
In short, 1×106 cells were incubated in FACS buffer containing 10% normal mouse serum for 30 minutes to prevent non-specific antibody staining. Subsequently, the 
cells were incubated with a cocktail of primary antibodies for 30 minutes. The cells were fixed in FACS Lysing solution (BD Biosciences) for 30 minutes, in the dark. The 
tubes for intracellular cytokine staining were subsequently washed twice in 1× permeabilisation buffer (eBioscience) and incubated with the intracellular antibodies 
cocktails containing 2% normal rat serum in permeabilisation buffer for 30 minutes in the dark. The whole procedure was performed on ice.
Flow Cytometry
During flow cytometry, at least 5×105 cells were analyzed. Flow Cytometry was performed using the LSR II Flow Cytometer system (BD Pharmingen), using FACS Diva 
software. Analysis was performed using FlowJo 7.6.2 software. Lymphocytes were gated based on the expression of CD3 and CD4 or CD8. The expression of CD25, 
CD69, FoxP3, and cytokines was determined based on samples stained with the isotype controls. Dendritic cells were gated in the forward side scatter plot, based on 
size, granularity, and the expression of MHC II+ and CD11c+. CD19+ B-cells were excluded from analysis. The expression of CD80, CD86, and CD103 was determined 
based on samples stained with the isotype controls.
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Statistics
All data are expressed as the mean ± standard error of the mean (SEM). Normal distribution of the data-sets
was confirmed by the Kolmogorov-Smirnov test. The one-way ANOVA, followed by a two-sided Dunnett 
post-hoc test was used to determine changes in immune cell populations after probiotic treatment in vivo. 
The two-sided Mann Whitney U-test was used to determine changes in cytokine release after probiotic co-
incubation in vitro. P-values <0.05 (*) were considered statistically significant.
Results
Strain Specific Release of Pro- and Anti-inflammatory Cytokines by Murine DCs
To confirm the immunomodulatory potential of our probiotic strains, we first performed an in vitro assay. For this, bone-marrow derived (BM) dendritic cell (DC) 
activation and cytokine responses were determined in response to L. plantarum WCFS1, L. salivarius UCC118, or L. lactis MG1363 (N = 4). Incubation of all bacteria 
with BMDCs led to cellular activation, as shown by an increased frequency of BMDCS expressing high levels of the activation markers CD86 and CD40 (gate) as 
compared to medium stimulated BMDCs (Figure 1A). In addition to BMDC activation, the release of pro-inflammatory TNFα and anti-inflammatory IL10 was measured.
All three bacterial strains induced similar levels of TNFα (Figure 1B). Similarly, all bacteria induced IL10 (Figure 1B), but the IL10 response was highest for L. salivarius-
treated BMDCs, albeit not statistically significant (Figure 1B).
Figure 1. Probiotic-induced dendritic cell activation in vitro.
In vitro activation of murine bone-marrow-derived dendritic cells (BM DCs) to medium, L. lactis MG1363, L. plantarum WCFS1 or L. salivarius UCC118 (N = 4). 
DCs were gated based on the FSC-SSC pattern and the expression of CD11c. Cell activation is demonstrated as the expression of CD86 and CD40 within the 
DC population (black line) as compared to DCs stained with the isotype control (grey line). Both CD86 or CD40intermediate and CD86 or CD40high cells (gates) 
were observed. A representative FACS plot is demonstrated (A). The frequency of cells in the gate is indicated. Following incubation of murine BM DCs with 
medium (white bars), L. lactis MG1363 (dashed bars), L. plantarum WCFS1 (grey bars), or L. salivarius UCC118 (black bars) the release of IL10 and TNFα was 
determined (N = 4) (B). Results are depicted as the mean ± standard error of the mean (SEM). Statistical significance was calculated using the Mann Whitney U 
test. * represents P-values <0.05.
doi:10.1371/journal.pone.0047244.g001
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Probiotic Treatment Increases the Frequency of Regulatory T Cells in a Strain Dependent Manner
Next, we evaluated the immunomodulatory properties of these strains in vivo. For this, we analyzed changes in the balance between different pro-inflammatory and 
regulatory T cell populations in the mesenteric lymph node (MLN) and spleen after consumption of the bacteria. In addition, dendritic cell (DC) frequencies and 
activation was determined, as DCs are important in both bacterial recognition as well as shaping local and systemic T cell responses [50]. The mice (N = 6 per group)
received L. plantarum WCFS1, L. salivarius UCC118, L. lactis MG1363, or culture medium alone, for 5 consecutive days. First, we focused on the frequency of 
regulatory T cells following probiotic treatment. Regulatory CD4+ T cells were defined on the basis of FoxP3 expression (Figure 2A) and consistently showed high CD25
expression as compared to the total CD4+ T cell population (Figure 2A).
Figure 2. Regulatory T cells following probiotic treatment.
Regulatory T cells were gated based on the expression of FoxP3 within the CD3+CD4+ T cell population. The gate was set based on staining with an isotype 
control. As a control, the expression of CD25 was determined within the total CD3+CD4+ T cell population (blue line) and the regulatory T cell population (red 
line) and compared to an isotype control (grey line). Representative FACS plots are depicted (A). Regulatory T cell frequencies in the spleen (N = 6) (B) and 
mesenteric lymph node (N = 6) (MLN) (C) following oral treatment with medium (white bars), L. lactis MG1363 (dashed bars), L. plantarum WCFS1 (grey bars), 
or L. salivarius UCC118 (black bars). Results are depicted as the mean ± standard error of the mean (SEM). Statistical significance was calculated using the 
One-way ANOVA followed by a two-sided Dunnet post-hoc test. * represents P-values <0.05.
doi:10.1371/journal.pone.0047244.g002
Figure 3. Activated CD4+ and CD8+ T cells following probiotic treatment.
Activated CD4+ and CD8+ T cell frequencies in the mesenteric lymph node (N = 6) (MLN) and spleen (N = 6) following oral treatment with medium (white bars), 
L. lactis MG1363 (dashed bars), L. plantarum WCFS1 (grey bars), or L. salivarius UCC118 (black bars). Activated T cell frequencies are depicted as the 
frequency of CD25+FoxP3− cells within CD4+ T cells (A&B), CD69+ cells within CD4+ T cells (C&D), and CD69+ cells within CD8+ T cells (E&F). Results are
depicted as the mean ± standard error of the mean (SEM). Statistical significance was calculated using the One-way ANOVA followed by a two-sided Dunnet 
post-hoc test. * represents P-values <0.05, ** represents P-values <0.01.
doi:10.1371/journal.pone.0047244.g003
Figure 4. Polarized CD4+ T cell frequencies following probiotic treatment.
Polarized CD4+ T cells were gated based on the expression of IFNγ, IL5, IL10, or IL17 within the CD3+CD4+ T cell population (top plots). The gate was set
based on staining with an isotype control (bottom plots). Representative FACS plots are depicted (A). Polarized CD4+ T cell frequencies in the mesenteric lymph 
node (N = 6) (MLN) and spleen (N = 6) following oral treatment with medium (white bars), L. lactis MG1363 (dashed bars), L. plantarum WCFS1 (grey bars), or 
L. salivarius UCC118 (black bars). Polarized CD4+ T cell frequencies are depicted as the frequency of IFNγ+ cells within CD4+ T cells (B&C), IL5+ cells within 
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CD4+ T cells (D&E), IL10+ cells within CD4+ T cells (F&G), and IL17+ cells within CD4+ T cells (H&I).
Results are depicted as the mean ± standard error of the mean (SEM). Statistical significance was 
calculated using the One-way ANOVA followed by a two-sided Dunnet post-hoc test. * represents P-
values <0.05, ** represents P-values <0.01.
doi:10.1371/journal.pone.0047244.g004
Figure 5. Polarized CD8+ T cell frequencies following probiotic treatment.
Polarized CD8+ T cells were gated based on the expression of IFNγ, IL5, IL10, or IL17 within the CD3+CD8+ T cell population (top plots). The gate was set
based on staining with an isotype control (bottom plots). Representative FACS plots are depicted (A). Polarized CD8+ T cell frequencies in mesenteric lymph 
node (N = 6) (MLN) and spleen (N = 6) following oral treatment with medium (white bars), L. lactis MG1363 (dashed bars), L. plantarum WCFS1 (grey bars), or 
L. salivarius UCC118 (black bars). Polarized CD8+ T cell frequencies are depicted as the frequency of IFNγ+ cells within CD8+ T cells (B&C), IL5+ cells within 
CD8+ T cells (D&E), IL10+ cells within CD8+ T cells (F&G), and IL17+ cells within CD8+ T cells (H&I). Results are depicted as the mean ± standard error of the 
mean (SEM). Statistical significance was calculated using the One-way ANOVA followed by a two-sided Dunnet post-hoc test. * represents P-values <0.05, ** 
represents P-values <0.01.
doi:10.1371/journal.pone.0047244.g005
Systemic regulatory T cell frequencies were increased after probiotic treatment, in a strain-dependent manner. Only L. plantarum-treated mice demonstrated increased
frequencies of regulatory T cells in the spleen as compared to medium treated mice (Figure 2B). This increase was not observed after treatment with L. salivarius or L. 
lactis (Figure 2B). In the MLN, a trend towards decreased regulatory T cell frequencies was observed after all bacterial treatments, but this never reached statistical 
significance [One-way ANOVA P = 0.07 (Figure 2C)].
Figure 6. Dendritic cell frequencies and activation following probiotic treatment.
Dendritic cells were gated based on the expression of CD11c and MHC II. Within the dendritic cell population the frequency of CD103+, CD80+, or CD86+ cells 
was determined (black lines). The gate were set based on staining with an isotype control (grey lines). Representative FACS plots are depicted (A). Frequency of
CD103+ dendritic cell subsets in the spleen (N = 6) (B) or mesenteric lymph node (N = 6) (C) following oral treatment with medium (white bars), L. lactis MG1363 
(dashed bars), L. plantarum WCFS1 (grey bars), or L. salivarius UCC118 (black bars). Activated dendritic cells are depicted as the frequency of CD80+ cells 
within the CD11c+ MHC II+ cells in the spleen (D) and MLN (E), or the frequency of CD86+ cells within the CD11c+ MHC II+ cells in the spleen (F) and MLN (G).
Results are depicted as the mean ± standard error of the mean (SEM). Statistical significance was calculated using the One-way ANOVA followed by a two-
sided Dunnet post-hoc test. * represents P-values <0.05.
doi:10.1371/journal.pone.0047244.g006
Probiotic Treatment Reduces the Frequency of Activated T Cells in a Strain Dependent Manner
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Second, we determined the frequency of pro-inflammatory T cell populations. For this, we determined the frequency of activated T cells. Activated T cells were defined 
as the frequency of CD25+FoxP3− or CD69+ cells within CD4+ T cells or CD69+ cells within CD8+ T cells.
Both probiotic strains decreased CD4+ and CD8+ T cell activation in the MLN, as demonstrated by decreased CD25+CD4+ (Figure 3A) and CD69+CD8+ (Figure 3E) 
frequencies following L. plantarum and L. salivarius treatment. CD69+CD4+ frequencies were not affected (Figure 3C). Treatment with L. lactis induced a slight 
reduction in the frequency of CD25+CD4+ T cells [P = 0.06 (Figure 3A)] together with a marked reduction in the frequency of CD69+CD8+ T cells in the MLN (Figure 
3E). In the spleen, T cell activation was not affected by any of the treatments (Figure 3B, 3D, 3F). These results demonstrate that probiotic treatment can modify the
balance between systemic pro-inflammatory and regulatory T cell populations in a strain dependent manner.
Probiotic Treatment Affects the Frequency of Polarized CD4+ T Cell Populations in a Strain Dependent Manner
In order to gain functional insight in the consequences of L. plantarum WCFS1, L. salivarius UCC118, and L. lactis MG1363 administration on T cell responses, we 
performed another series of experiments. Cells from the spleen and MLN were restimulated with PMA/Ca2+ ex vivo, after which cellular cytokine responses were 
determined. IFN-γ was measured as a marker for Th1 cells [51]. Th1 cells stimulate the cellular immune response, but are also involved in severe autoimmune 
processes [52]. IL5 is an accepted marker for the Th2 subset [51], which stimulates humoral responses, but is also involved in allergy and asthma [52]. IL10 was 
measured as a marker for regulatory T cells [52], which are involved in anti-inflammatory responses [52]. Finally, IL17 was measured as a marker for Th17 cells [46], 
[47], which are involved in responses against fungi, but also in severe autoimmune responses [52], [53]. The frequency of cytokine producing CD4+ T cells was 
determined based on appropriate isotype controls (Figure 4A).
The bacterial treatments decreased Th2 responses, which was most pronounced in the MLN, but was also observed in the spleen. Further, the effects were dependent 
on the probiotic strain administered. All three bacterial strains decreased the frequency of Th2 cells in the MLN and spleen 2 to 3-fold as compared to medium-treated 
mice (Figure 4D and 4E respectively). In addition, a trend towards increased frequencies of IL10-producing CD4+ T cells was observed in the spleen following L.
plantarum treatment (Figure 4G), although it didn’t reach statistical significance. In addition to decreased Th2 frequencies, L. salivarius treatment also induced almost a 
2-fold decrease in the frequency of Th17 cells in the MLN as compared to medium treatment (Figure 4H). Further, a trend towards a 2-fold decrease in Th1 frequencies 
was observed in the MLN following L. lactis treatment [P = 0.06) (Figure 4B)]. Other polarized CD4+ T cell frequencies were not affected by the treatments (Figure 4).
Probiotic Treatment Affects the Frequency of Cytokine Producing CD8+ T Cell Populations in a Strain Dependent 
Manner
Similar to the CD4+ T cell population, CD8+ effector T cells can be defined on the basis of pro- and anti-inflammatory cytokine responses after ex vivo restimulation [54].
The frequency of cytokine producing CD8+ T cells was determined based on appropriate isotype controls (Figure 4B). L. plantarum especially, increased the 
responsiveness of mesenteric and splenic CD8+ T cells, as judged by a 3- to 4-fold increase in frequencies of IFN-γ-producing CD8+ T cells in the MLN (Figure 5B) and 
spleen (Figure 5C). Further a 4-fold increase in IL17-producing CD8+ T cells was observed in the spleen after L. plantarum treatment (Figure 5I). As found for CD4+ T 
cells, L. plantarum treatment decreased the frequency of IL5-producing CD8+ T cells in the MLN (Figure 5D), and increased the frequency of IL10-producing CD8+ T 
cells in the spleen as compared to medium treated mice (Figure 5G). L. salivarius-treated animals demonstrated a trend towards increased frequencies of IFN-γ-
producing CD8+ T cells in the MLN [P = 0.06 (Figure 5B)], albeit not statistically significant. L. lactis treatment did not affect the CD8+ T cell responsiveness (Figure 5).
Probiotic Treatment Affects the Distribution and Activation of (Intestinal) DCs
DCs are important in both bacterial recognition as well as shaping local and systemic T cell responses [50]. Therefore, we investigated the distribution of intestinal DCs 
and their activation status in the spleen and MLN. DCs were defined as CD11c+ MHC II+ cells (Figure 6A). Regulatory, intestinal DCs are depicted as the frequency of 
CD103+ cells within the DC population. Also the frequency of activated DCs was determined and depicted as the frequency of CD80+ or CD86+ cells within the DC 
population (Figure 6A).
Probiotic treatment only modestly affected intestinal DC trafficking to the MLN and spleen. Only L. plantarum-treated animals demonstrated a trend towards increased 
CD103+ DC frequencies in the spleen [P = 0.07 (Figure 6B)]. This influx of CD103+ DCs in the spleen was however not observed in the MLN (Figure 6B). Only L. 
salivarius-treated animals demonstrated a trend towards decreased DC activation in the spleen, as demonstrated by decreased frequencies of CD80+ DCs [P = 0.06
(Figure 6D)]. The activation status of splenic and mesenteric CD103+ DCs was not affected by any of the treatments (not demonstrated).
Discussion
In the present study we demonstrate that oral treatment with probiotic lactobacilli modifies the distribution of systemic (effector) T cell populations and DCs in both the 
MLN and the spleen. To our knowledge, this is the first report of systemic immune changes following short-term treatment with probiotic bacterial strains in healthy 
mice. We explored the basal immunomodulatory properties of probiotic strains in non-diseased animals and demonstrate that even a short-term period of probiotic
consumption induces profound changes in cellular adaptive immune responses.
Although probiotics are generally marketed as a means to prevent disease in healthy individuals, most studies have focused on specific (intestinal) disease models [39]
to demonstrate their efficacy. In such models, the immune homeostasis is often strongly perturbed and playing a role in the pathology [39], [40]. Additionally, the 
intestinal barrier may be compromised, altering the contact between the immune cells and the probiotic bacteria [41]. Therefore, studies in the disease state may not 
reflect and predict the immunomodulatory effects of probiotics in other diseases, or healthy individuals. Knowledge of how different probiotic strains can affect the 
immune system in the absence of disease, will gain mechanistic insights and help clarify the magnitude of their effects on the immune system, the strain dependency of 
these effects, their safety, and potential applications in maintaining or improving immune homeostasis. This will ultimately open up possibilities to select specific 
probiotics for specific immunological diseases, and as a means to prevent the development of disease [19], [55] or infection [25], [30], [31], [33] in healthy or subclinical 
individuals. For these reasons, we chose to study the systemic immunomodulatory properties of probiotic bacteria in healthy, non-diseased mice.
During recent years, much attention has been focused on the direct anti-inflammatory capacities of lactobacilli on tolerogenic dendritic cells (DCs) [17], the generation 
of regulatory T cells in vivo and in vitro, or the induction of IL10 in in vitro assays [17], [45], [56]–[59]. However, there are also reports that demonstrate Lactobacillus-
induced suppression of pro-inflammatory immune responses, independent of IL10 or regulatory T cells [58], [60]–[62]. To date, it remains largely unknown in what 
manner lactobacilli affect the balance between of pro- and anti-inflammatory immune cell populations in vivo. Our data suggest that, depending on the bacterial strain 
administered, both processes, i.e. regulatory DC and T cell dependent and independent immunomodulation, can occur in healthy mice.
Our study clearly demonstrates that probiotic-induced immunomodulation is strain-dependent. Further, we demonstrate that strain-dependent immunomodulation is also 
a systemic phenomenon. L. plantarum WCFS1 consumption directly increased the frequency of regulatory T cells, while decreasing the responsiveness of Th2 cells 
and increasing the responsiveness of CD8+ T cells. Treatment with L. salivarius UCC118 did not affect the frequency of regulatory T cells; however, it decreased the 
responsiveness of Th2 cells. Further, L. salivarius treatment only modestly increased the CD8+ T cell responsiveness. These results have important implications for the 
expected health benefits exerted by the different probiotic strains.
Our results suggests that the immunomodulatory effects induced by L. plantarum may prove useful in the prevention or treatment of common Th2-skewed allergic 
diseases, such as atopic dermatitis, food allergy, and allergic asthma, and also as an adjuvant to boost the immune response to common viral infections that require the 
activation of CD8+ T cells, as for instance influenza. However, the drawback of this strain may be that it has effects on more than one immune cell subset. It may 
positively affect Th2-skewed allergic diseases, while at the same time it may increase the susceptibility for Th1-skewed diseases. This drawback is not seen for L. 
salivarius, which showed a clear reduction of Th2 responsiveness combined with only a modest increase in CD8+ T cell responsiveness. The modest effect on CD8+ T 
cell responsiveness suggests that this probiotic may be less effective in boosting responses that specifically require CD8+ T cell participation. Taken together, our data 
demonstrate that these differential probiotic immunomodulatory properties may be used to develop tailored health promoting probiotic-based strategies.
Page 6 of 9PLOS ONE: L. plantarum, L. salivarius, and L. lactis Attenuate Th2 Responses and In...
25-1-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0047244
Author Contributions
Conceived and designed the experiments: MJS BJH M. Faas PV. Performed the experiments: MJS BJH. Analyzed the data: MJS PB IS M. Meijerink JW M. Faas PV. 
Contributed reagents/materials/analysis tools: MJS BJH IS. Wrote the paper: MJS PB M. Meijerink JW M. Faas PV.
References
1. Wells JM, Rossi O, Meijerink M, van Baarlen P (2011) Epithelial crosstalk at the microbiota-mucosal interface. Proc Natl Acad Sci U S A 108 Suppl 14607–
4614. doi: 10.1073/pnas.1000092107. Find this article online 
2. Macpherson AJ, Harris NL (2004) Interactions between commensal intestinal bacteria and the immune system. Nat Rev Immunol 4(1474–1733; 1474–1733 6): 
478–485. doi: 10.1038/nri1373. Find this article online 
3. Macpherson AJ, Uhr T (2004) Induction of protective IgA by intestinal dendritic cells carrying commensal bacteria. Science 303(1095–9203; 0036–8075 5664):
1662–1665. doi: 10.1126/science.1091334. Find this article online 
4. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R (2004) Recognition of commensal microflora by toll-like receptors is required for 
intestinal homeostasis. Cell 118(0092–8674; 0092–8674 2): 229–241. doi: 10.1016/j.cell.2004.07.002. Find this article online 
5. Kalliomaki M, Isolauri E (2003) Role of intestinal flora in the development of allergy. Curr Opin Allergy Clin Immunol 3(1528–4050; 1473–6322 1): 15–20. Find 
this article online 
6. Bjorksten B, Sepp E, Julge K, Voor T, Mikelsaar M (2001) Allergy development and the intestinal microflora during the first year of life. J Allergy Clin Immunol
108(0091–6749; 0091–6749 4): 516–520. Find this article online 
7. Bisgaard H, Li N, Bonnelykke K, Chawes BL, Skov T, et al.. (2011) Reduced diversity of the intestinal microbiota during infancy is associated with increased risk
of allergic disease at school age. J Allergy Clin Immunol (1097–6825; 0091–6749).
8. Wu HJ, Ivanov II, Darce J, Hattori K, Shima T, et al. (2010) Gut-residing segmented filamentous bacteria drive autoimmune arthritis via T helper 17 cells. 
Immunity 32(1097–4180; 1074–7613 6): 815–827. doi: 10.1016/j.immuni.2010.06.001. Find this article online 
9. Edwards CJ (2008) Commensal gut bacteria and the etiopathogenesis of rheumatoid arthritis. J Rheumatol 35(8): 1477–14797. Find this article online 
10. Vaarala O. (2011) The gut as a regulator of early inflammation in type 1 diabetes. Curr Opin Endocrinol Diabetes Obes (1752–2978; 1752–296). 
11. Rijkers GT, Bengmark S, Enck P, Haller D, Herz U, et al. (2010) Guidance for substantiating the evidence for beneficial effects of probiotics: Current status and 
recommendations for future research. J Nutr 140(3): 671S–6S. doi: 10.3945/jn.109.113779. Find this article online 
12. Kalliomaki M, Antoine JM, Herz U, Rijkers GT, Wells JM, et al. (2010) Guidance for substantiating the evidence for beneficial effects of probiotics: Prevention
and management of allergic diseases by probiotics. J Nutr 140(3): 713S–21S. doi: 10.3945/jn.109.113761. Find this article online 
13. Isolauri E, Arvola T, Sutas Y, Moilanen E, Salminen S (2000) Probiotics in the management of atopic eczema. Clin Exp Allergy 30(0954–7894; 0954–7894 11): 
1604–1610. Find this article online 
14. Tursi A, Brandimarte G, Giorgetti GM, Forti G, Modeo ME, et al. (2004) Low-dose balsalazide plus a high-potency probiotic preparation is more effective than 
balsalazide alone or mesalazine in the treatment of acute mild-to-moderate ulcerative colitis. Med Sci Monit 10(11): PI126–31. Find this article online 
15. Guandalini S, Magazzu G, Chiaro A, La Balestra V, Di Nardo G, et al. (2010) VSL#3 improves symptoms in children with irritable bowel syndrome: A 
multicenter, randomized, placebo-controlled, double-blind, crossover study. J Pediatr Gastroenterol Nutr 51(1): 24–30. Find this article online 
16. Ivory K, Chambers SJ, Pin C, Prieto E, Arques JL, et al. (2008) Oral delivery of lactobacillus casei shirota modifies allergen-induced immune responses in 
allergic rhinitis. Clin Exp Allergy 38(1365–2222; 0954–7894 8): 1282–1289. Find this article online 
17. Kwon HK, Lee CG, So JS, Chae CS, Hwang JS, et al. (2010) Generation of regulatory dendritic cells and CD4+Foxp3+ T cells by probiotics administration 
suppresses immune disorders. Proc Natl Acad Sci U S A 107(1091–6490; 0027–8424 5): 2159–2164. Find this article online 
18. So JS, Kwon HK, Lee CG, Yi HJ, Park JA, et al. (2008) Lactobacillus casei suppresses experimental arthritis by down-regulating T helper 1 effector functions. 
Mol Immunol 45(0161–5890; 0161–5890 9): 2690–2699. doi: 10.1016/j.molimm.2007.12.010. Find this article online 
Treatment with L. plantarum WCFS1 was associated with profound skewing towards an immune regulatory phenotype within systemic T helper cells. These results are 
in line with studies that demonstrate L. plantarum-induced immune regulation in vitro [63], [64] as well as in the duodenum [38], [65]. The observed changes were 
accompanied by the infiltration of intestinal CD103+ DCs in the spleen. Since it has been demonstrated that intestinal DCs are indispensable for probiotic-induced 
immunomodulation in vivo [66] and that these cells are highly important in generating regulatory responses [67], our data suggest that systemic immune regulation is 
induced through L. plantarum-stimulated migration of regulatory CD103+ intestinal DCs to immunological induction sites as far as the spleen. With this study, we
demonstrate that L. plantarum WCFS1 not only attenuates local intestinal immune responses at the site of interaction [65], but also profoundly affects the systemic 
immune system by skewing it to a more regulatory T helper phenotype.
L. plantarum WCFS1 not only skewed T helper cells towards an immune regulatory phenotype, but simultaneously increased the responsiveness of CD8+ T cells. This 
dual effect was never demonstrated for this strain before and appears to be in conflict with the observed Th hyporesponsiveness. Our observation may, however, be 
explained by the increased Th1/Th2 ratio caused by the reduction in Th2 frequencies. This demonstrates that L. plantarum not only stimulates skewing towards immune
regulation, but can also directly improve the responsiveness of CD8+ T cells by leaving the Th1 subset unaltered. Our results corroborate previous in vitro findings [68], 
[69]. Also, several reports have indirectly demonstrated improved CD8+ T cell responsiveness following probiotic treatment, by demonstrating improved immune 
responses towards viral infections in vivo [28]–[32].
During recent years, many in vitro screening tools have been developed to predict the beneficial effect of probiotic bacteria in vivo [45], [62], [70], [71]. The majority of 
these systems focus on the secretion of only one or a few pro- and anti-inflammatory cytokines from PBMCs or DCs as a model for immunomodulation in vivo. In this 
study, we demonstrate that using this strategy potential efficacious probiotic strains may be missed. For instance L. plantarum has been demonstrated as a modest 
cytokine inducer in vitro [62], [70], [71], which is also apparent from the results of our in vitro murine dendritic cell assay. However, this strain possesses profound 
immunomodulatory properties in vivo. Further, the results from our in vitro assay, as well as previously published reports [57], [72] suggest that L. salivarius is a potent 
immunomodulator in vivo. Although L. salivarius had some systemic immunomodulatory effects, these were only modest and not as pronounced as the effects 
observed after L. plantarum treatment. These modest immunomodulatory effects in vivo may also explain the variable performance of this strain in disease models 
[73]–[75]. These in vivo disease models highly depend on Th1 reactivity [76], which, according to our data, is only marginally affected by L. salivarius. We therefore feel 
that the use of in vitro screening models may be valuable as a high through-put screening tool for potential probiotic strains, but the immunomodulatory properties of the
bacterial strains should always be confirmed in vivo, or in more complex in vitro models.
L. lactis is not considered to be a strain with probiotic capacities [44], [45]. We did, however, observe immunomodulation following L. lactis treatment, both in our in vitro
assay, as well as in vivo. Previous studies have demonstrated the importance of bacterial wall proteins for the interaction with immune cells and probiotic effects [64]. It 
may well be that also L. lactis has specific bacterial wall components that are recognized by dendritic cells in the intestine and influence DC function [77]. Much more
research efforts should be employed to understand the exact interactions between bacterial wall components, specific immune cell receptors, and the consequences for
the immune system, to fully understand and predict the probiotic and non-probiotic immune-modulatory effects of bacteria in vitro and in vivo. This unexpected 
immunomodulating potency of L. lactis suggests that caution should be taken in categorizing bacteria in probiotic versus non-probiotic.
Our study was not only undertaken to unravel the immediate effects of short-term administration of probiotics on cellular adaptive immune responses, but also to
investigate if systemic biomarkers could be identified that would reflect the efficacy of probiotics in vivo. In humans, we can only access the systemic circulation to study 
immunomodulation and the efficacy of probiotics. As demonstrated in this study, the efficacy can effectively be assessed by measuring pro- and anti-inflammatory 
cytokine responses after restimulation of T cells ex vivo. We found clear differences, which were pronounced enough to distinguish strain dependent effects. Clear 
documentation of these parameters may help to understand the large differences in reported effects of different probiotic strains.
In summary, in the current study we demonstrated systemic immunomodulation following short-term oral administration of three bacterial strains in healthy mice. 
Although further research is necessary to investigate the implications of these immune changes for a beneficial effect in human health, our results suggest that the 
selection of specific probiotic strains for enforcing specific desired immune responses may be a promising strategy to improve host health.
Page 7 of 9PLOS ONE: L. plantarum, L. salivarius, and L. lactis Attenuate Th2 Responses and In...
25-1-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0047244
19. Calcinaro F, Dionisi S, Marinaro M, Candeloro P, Bonato V, et al. (2005) Oral probiotic administration induces interleukin-10 production and prevents 
spontaneous autoimmune diabetes in the non-obese diabetic mouse. Diabetologia 48(0012–186; 0012–186 8): 1565–1575. Find this article online 
20. Linton PJ, Dorshkind K (2004) Age-related changes in lymphocyte development and function. Nat Immunol 5(2): 133–139. Find this article online 
21. Cookson W (2002) Genetics and genomics of asthma and allergic diseases. Immunol Rev 190: 195–206. doi: 10.1034/j.1600-065X.2002.19015.x. Find this 
article online 
22. Brooks-Worrell B, Narla R, Palmer JP. (2012) Biomarkers and immune-modulating therapies for type 2 diabetes. Trends Immunol. 
23. Chandra RK, Kumari S (1994) Effects of nutrition on the immune system. Nutrition 10(3): 207–210. Find this article online 
24. Kaplan HB (1991) Social psychology of the immune system: A conceptual framework and review of the literature. Soc Sci Med 33(8): 909–923. Find this article 
online 
25. Boge T, Remigy M, Vaudaine S, Tanguy J, Bourdet-Sicard R, et al. (2009) A probiotic fermented dairy drink improves antibody response to influenza 
vaccination in the elderly in two randomised controlled trials. Vaccine 27(1873–2518; 0264–410 41): 5677–5684. Find this article online 
26. Isolauri E, Joensuu J, Suomalainen H, Luomala M, Vesikari T (1995) Improved immunogenicity of oral D x RRV reassortant rotavirus vaccine by lactobacillus 
casei GG. Vaccine 13(0264–410; 0264–410 3): 310–312. doi: 10.1016/0264-410X(95)93319-5. Find this article online 
27. Davidson LE, Fiorino AM, Snydman DR, Hibberd PL (2011) Lactobacillus GG as an immune adjuvant for live-attenuated influenza vaccine in healthy adults: A 
randomized double-blind placebo-controlled trial. Eur J Clin Nutr 65(1476–5640; 0954–3007 4): 501–507. Find this article online 
28. Yasui H, Kiyoshima J, Hori T (2004) Reduction of influenza virus titer and protection against influenza virus infection in infant mice fed lactobacillus casei 
shirota. Clin Diagn Lab Immunol 11(1071–412; 1071–412 4): 675–679. Find this article online 
29. Hori T, Kiyoshima J, Shida K, Yasui H (2002) Augmentation of cellular immunity and reduction of influenza virus titer in aged mice fed lactobacillus casei strain 
shirota. Clin Diagn Lab Immunol 9(1071–412; 1071–412 1): 105–108. doi: 10.1128/CDLI.9.1.105-108.2002. Find this article online 
30. Hatakka K, Savilahti E, Ponka A, Meurman JH, Poussa T, et al. (2001) Effect of long term consumption of probiotic milk on infections in children attending day 
care centres: Double blind, randomised trial. BMJ 322(0959−8138; 0959–535 7298): 1327. Find this article online 
31. Hojsak I, Abdovic S, Szajewska H, Milosevic M, Krznaric Z, et al. (2010) Lactobacillus GG in the prevention of nosocomial gastrointestinal and respiratory tract 
infections. Pediatrics 125(1098–4275; 0031–4005 5): e1171–e1177. Find this article online 
32. Kawase M, He F, Kubota A, Harata G, Hiramatsu M (2010) Oral administration of lactobacilli from human intestinal tract protects mice against influenza virus 
infection. Lett Appl Microbiol 51(1472–765; 0266−8254 1): 6–10. Find this article online 
33. Paineau D, Carcano D, Leyer G, Darquy S, Alyanakian MA, et al. (2008) Effects of seven potential probiotic strains on specific immune responses in healthy 
adults: A double-blind, randomized, controlled trial. FEMS Immunol Med Microbiol 53(0928–8244; 0928–8244 1): 107–113. Find this article online 
34. de Vrese M, Rautenberg P, Laue C, Koopmans M, Herremans T, et al. (2005) Probiotic bacteria stimulate virus-specific neutralizing antibodies following a 
booster polio vaccination. Eur J Nutr 44(1436–6207; 1436–6207 7): 406–413. Find this article online 
35. Fang H, Elina T, Heikki A, Seppo S (2000) Modulation of humoral immune response through probiotic intake. FEMS Immunol Med Microbiol 29(0928–8244; 
0928–8244 1): 47–52. Find this article online 
36. Won TJ, Kim B, Oh ES, Bang JS, Lee YJ, et al. (2011) Immunomodulatory activity of lactobacillus strains isolated from fermented vegetables and infant stool. 
Can J Physiol Pharmacol 89(6): 429–434. Find this article online 
37. Yang HY, Liu SL, Ibrahim SA, Zhao L, Jiang JL, et al. (2009) Oral administration of live bifidobacterium substrains isolated from healthy centenarians enhanced 
immune function in BALB/c mice. Nutr Res 29(4): 281–289. doi: 10.1016/j.nutres.2009.03.010. Find this article online 
38. van Baarlen P, Troost FJ, van Hemert S, van der Meer C, de Vos WM, et al. (2009) Differential NF-kappaB pathways induction by lactobacillus plantarum in the 
duodenum of healthy humans correlating with immune tolerance. Proc Natl Acad Sci U S A 106(7): 2371–2376. Find this article online 
39. Foligne B, Nutten S, Steidler L, Dennin V, Goudercourt D, et al. (2006) Recommendations for improved use of the murine TNBS-induced colitis model in 
evaluating anti-inflammatory properties of lactic acid bacteria: Technical and microbiological aspects. Dig Dis Sci 51(2): 390–400. Find this article online 
40. Fuss IJ, Neurath M, Boirivant M, Klein JS, de la Motte C, et al. (1996) Disparate CD4+ lamina propria (LP) lymphokine secretion profiles in inflammatory bowel 
disease. crohn’s disease LP cells manifest increased secretion of IFN-gamma, whereas ulcerative colitis LP cells manifest increased secretion of IL-5. J 
Immunol 157(3): 1261–1270. Find this article online 
41. Turner JR (2009) Intestinal mucosal barrier function in health and disease. Nat Rev Immunol 9(11): 799–809. Find this article online 
42. Vaughan EE, de Vries MC, Zoetendal EG, Ben-Amor K, Akkermans AD, et al. (2002) The intestinal LABs. Antonie Van Leeuwenhoek 82(0003–6072; 0003–
6072 1–4): 341–352. Find this article online 
43. Neville BA, O’Toole PW (2010) Probiotic properties of lactobacillus salivarius and closely related lactobacillus species. Future Microbiol 5(1746–0921; 1746–
0913 5): 759–774. Find this article online 
44. Foligne B, Dessein R, Marceau M, Poiret S, Chamaillard M, et al. (2007) Prevention and treatment of colitis with lactococcus lactis secreting the 
immunomodulatory yersinia LcrV protein. Gastroenterology 133(0016–5085; 0016–5085 3): 862–874. Find this article online 
45. Foligne B, Nutten S, Grangette C, Dennin V, Goudercourt D, et al. (2007) Correlation between in vitro and in vivo immunomodulatory properties of lactic acid 
bacteria. World J Gastroenterol 13(1007–9327; 1007–9327 2): 236–243. Find this article online 
46. Kleerebezem M, Boekhorst J, van KR, Molenaar D, Kuipers OP, et al. (2003) Complete genome sequence of lactobacillus plantarum WCFS1. Proc Natl Acad 
Sci U S A 100(0027–8424; 0027–8424 4): 1990–1995. doi: 10.1073/pnas.0337704100. Find this article online 
47. Fang F, Flynn S, Li Y, Claesson MJ, van Pijkeren JP, et al. (2008) Characterization of endogenous plasmids from lactobacillus salivarius UCC118. Appl Environ 
Microbiol 74(1098–5336; 0099–2240 10): 3216–3228. Find this article online 
48. Wegmann U, O’Connell-Motherway M, Zomer A, Buist G, Shearman C, et al. (2007) Complete genome sequence of the prototype lactic acid bacterium 
lactococcus lactis subsp. cremoris MG1363. J Bacteriol 189(0021–9193; 0021–9193 8): 3256–3270. doi: 10.1128/JB.01768-06. Find this article online 
49. Lutz MB, Kukutsch N, Ogilvie AL, Rossner S, Koch F, et al. (1999) An advanced culture method for generating large quantities of highly pure dendritic cells from
mouse bone marrow. J Immunol Methods 223(0022–1759; 0022–1759 1): 77–92. Find this article online 
50. Banchereau J, Briere F, Caux C, Davoust J, Lebecque S, et al. (2000) Immunobiology of dendritic cells. Annu Rev Immunol 18(0732-0582 0732-0582): 767–
811. Find this article online 
51. Mosmann TR, Coffman RL (1989) TH1 and TH2 cells: Different patterns of lymphokine secretion lead to different functional properties. Annu Rev Immunol 7: 
145–173. Find this article online 
52. Zhu J, Yamane H, Paul WE (2010) Differentiation of effector CD4 T cell populations (*). Annu Rev Immunol 28: 445–489. Find this article online 
53. Maddur MS, Miossec P, Kaveri SV, Bayry J. (2012) Th17 cells: Biology, pathogenesis of autoimmune and inflammatory diseases, and therapeutic strategies. 
Am J Pathol. 
54. Jacobo P, Perez CV, Theas MS, Guazzone VA, Lustig L (2011) CD4+ and CD8+ T cells producing Th1 and Th17 cytokines are involved in the pathogenesis of 
autoimmune orchitis. Reproduction 141(2): 249–258. Find this article online 
55. Kalliomaki M, Salminen S, Poussa T, Arvilommi H, Isolauri E (2003) Probiotics and prevention of atopic disease: 4-year follow-up of a randomised placebo-
controlled trial. Lancet 361(0140–6736; 0140–6736 9372): 1869–1871. Find this article online 
56. Matsumoto S, Hara T, Hori T, Mitsuyama K, Nagaoka M, et al. (2005) Probiotic lactobacillus-induced improvement in murine chronic inflammatory bowel 
disease is associated with the down-regulation of pro-inflammatory cytokines in lamina propria mononuclear cells. Clin Exp Immunol 140(0009–9104; 0009–
9104 3): 417–426. Find this article online 
57. O’Hara AM, O’Regan P, Fanning A, O’Mahony C, MacSharry J, et al. (2006) Functional modulation of human intestinal epithelial cell responses by 
bifidobacterium infantis and lactobacillus salivarius. Immunology 118(0019–2805; 0019–2805 2): 202–215. Find this article online 
58. Niers LE, Timmerman HM, Rijkers GT, van Bleek GM, van Uden NO, et al. (2005) Identification of strong interleukin-10 inducing lactic acid bacteria which 
down-regulate T helper type 2 cytokines. Clin Exp Allergy 35(0954–7894; 0954–7894 11): 1481–1489. Find this article online 
59. Miettinen M, Matikainen S, Vuopio-Varkila J, Pirhonen J, Varkila K, et al. (1998) Lactobacilli and streptococci induce interleukin-12 (IL-12), IL-18, and gamma
interferon production in human peripheral blood mononuclear cells. Infect Immun 66(0019–9567; 0019–9567 12): 6058–6062. Find this article online 
60. Xia Y, Chen HQ, Zhang M, Jiang YQ, Hang XM, et al. (2011) Effect of lactobacillus plantarum LP-onlly on gut flora and colitis in interleukin-10 knockout mice. J 
Gastroenterol Hepatol 26(1440–1746; 0815–9319 2): 405–411. Find this article online 
61. Foligne B, Zoumpopoulou G, Dewulf J, Ben YA, Chareyre F, et al. (2007) A key role of dendritic cells in probiotic functionality. PLoS ONE 2(1932–6203; 1932–
6203 3): e313. Find this article online 
62. Schultz M, Veltkamp C, Dieleman LA, Grenther WB, Wyrick PB, et al. (2002) Lactobacillus plantarum 299V in the treatment and prevention of spontaneous 
colitis in interleukin-10-deficient mice. Inflamm Bowel Dis 8(1078–0998; 1078–0998 2): 71–80. doi: 10.1097/00054725-200203000-00001. Find this article 
online 
Page 8 of 9PLOS ONE: L. plantarum, L. salivarius, and L. lactis Attenuate Th2 Responses and In...
25-1-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0047244
63. van Hemert S, Meijerink M, Molenaar D, Bron PA, de VP, et al. (2010) Identification of lactobacillus plantarum genes modulating the cytokine response of 
human peripheral blood mononuclear cells. BMC Microbiol 10(1471–2180 1471–2180): 293. Find this article online 
64. Meijerink M, van HS, Taverne N, Wels M, de VP, et al. (2010) Identification of genetic loci in lactobacillus plantarum that modulate the immune response of 
dendritic cells using comparative genome hybridization. PLoS ONE 5(1932–6203; 1932–6203 5): e10632. doi: 10.1371/journal.pone.0010632. Find this article 
online 
65. Troost FJ, van BP, Lindsey P, Kodde A, de Vos WM, et al. (2008) Identification of the transcriptional response of human intestinal mucosa to lactobacillus 
plantarum WCFS1 in vivo. BMC Genomics 9(1471–2164 1471–2164): 374. doi: 10.1186/1471-2164-9-374. Find this article online 
66. Braat H, van den BJ, van TE, Hommes D, Peppelenbosch M, et al. (2004) Lactobacillus rhamnosus induces peripheral hyporesponsiveness in stimulated CD4+
T cells via modulation of dendritic cell function. Am J Clin Nutr 80(0002–9165; 0002–9165 6): 1618–1625. Find this article online 
67. Jaensson E, Uronen-Hansson H, Pabst O, Eksteen B, Tian J, et al. (2008) Small intestinal CD103+ dendritic cells display unique functional properties that are 
conserved between mice and humans. J Exp Med 205(1540–9538; 0022–1007 9): 2139–2149. Find this article online 
68. Menard S, Laharie D, Asensio C, Vidal-Martinez T, Candalh C, et al. (2005) Bifidobacterium breve and streptococcus thermophilus secretion products enhance 
T helper 1 immune response and intestinal barrier in mice. Exp Biol Med (Maywood ) 230(1535–3702; 1535–3699 10): 749–756. Find this article online 
69. Mouni F, Aissi E, Hernandez J, Gorocica P, Bouquelet S, et al. (2009) Effect of bifidobacterium bifidum DSM 20082 cytoplasmic fraction on human immune 
cells. Immunol Invest 38(1532−4311; 0882–0139 1): 104–115. Find this article online 
70. Grangette C, Nutten S, Palumbo E, Morath S, Hermann C, et al. (2005) Enhanced antiinflammatory capacity of a lactobacillus plantarum mutant synthesizing 
modified teichoic acids. Proc Natl Acad Sci U S A 102(0027–8424; 0027–8424 29): 10321–10326. Find this article online 
71. Pathmakanthan S, Li CK, Cowie J, Hawkey CJ (2004) Lactobacillus plantarum 299: Beneficial in vitro immunomodulation in cells extracted from inflamed 
human colon. J Gastroenterol Hepatol 19(0815–9319; 0815–9319 2): 166–173. Find this article online 
72. O’Mahony L, O’Callaghan L, McCarthy J, Shilling D, Scully P, et al. (2006) Differential cytokine response from dendritic cells to commensal and pathogenic 
bacteria in different lymphoid compartments in humans. Am J Physiol Gastrointest Liver Physiol 290(0193–1857; 0193–1857 4): G839–G845. Find this article 
online 
73. Dunne C, Murphy L, Flynn S, O’Mahony L, O’Halloran S, et al. (1999) Probiotics: From myth to reality. demonstration of functionality in animal models of 
disease and in human clinical trials. Antonie Van Leeuwenhoek 76(0003–6072; 0003–6072 1–4): 279–292. Find this article online 
74. Feighery LM, Smith P, O’Mahony L, Fallon PG, Brayden DJ (2008) Effects of lactobacillus salivarius 433118 on intestinal inflammation, immunity status and in 
vitro colon function in two mouse models of inflammatory bowel disease. Dig Dis Sci 53(0163–2116; 0163–2116 9): 2495–2506. Find this article online 
75. O’Mahony L, McCarthy J, Kelly P, Hurley G, Luo F, et al. (2005) Lactobacillus and bifidobacterium in irritable bowel syndrome: Symptom responses and 
relationship to cytokine profiles. Gastroenterology 128(0016–5085; 0016–5085 3): 541–551. doi: 10.1053/j.gastro.2004.11.050. Find this article online 
76. Dieleman LA, Palmen MJ, Akol H, Bloemena E, Pena AS, et al. (1998) Chronic experimental colitis induced by dextran sulphate sodium (DSS) is characterized 
by Th1 and Th2 cytokines. Clin Exp Immunol 114(0009–9104; 0009–9104 3): 385–391. Find this article online 
77. Remus DM, Kleerebezem M, Bron PA (2011) An intimate tete-a-tete - how probiotic lactobacilli communicate with the host. Eur J Pharmacol 668 Suppl 1(1879–
0712 0014–2999): S33–S42. Find this article online 
Page 9 of 9PLOS ONE: L. plantarum, L. salivarius, and L. lactis Attenuate Th2 Responses and In...
25-1-2013http://www.plosone.org/article/info%3Adoi%2F10.1371%2Fjournal.pone.0047244
